In this work, the effect of gold (Au) nanoparticles on the performance of a-Si:H solar cells is investigated experimentally. The solar cell stack is grown on a highly doped p-type Si wafer and consists of 20 nm heavily doped p-type a-Si, 500 nm undoped a-Si, 20 nm heavily doped n-type a-Si and finally 80 nm Indium Tin Oxide (ITO) on the top. Au nanoparticles of 10, 20, 50, 80, 100, 200 and 400 nm are spin coated on top of the ITO before metallization. The plasmonic effect of the Au nanoparticles allows for additional scattering at the surface thus reducing the overall reflectivity. The larger the nanoparticle size the more scattering is obtained and the median reflectivity drops from about 23% to 18%. The results show an increase in the short-circuit current density (J sc ) and efficiency with increasing nanoparticle size. The J sc increases from 9.34 to 10.1 mA/cm 2 . In addition, the efficiency increases from 4.28% to 5.01%.
Introduction and motivation
Effective light trapping mechanisms are important for the improved performance of thin film solar cells. For enhanced absorption in thin film solar cells, different approaches such as surface texturing and back reflectors have been described (Berginski et al., 2008; Ferry et al., 2009 ). More recently, nanotechnology has been used with plasmonic light trapping of metal nanoparticles like gold (Au) and silver (Ag) (Atwater and Polman, 2010; Catchpole and Polman, 2008; Akimov et al., 2009) . For incorporating metal nanoparticles into solar cells, different methods have been established that includes island annealing and colloidal metal particles (Beck et al., 2009; Derkacs et al., 2006) . Also, some numerical models have been developed to understand the plasmonic effect . Plasmonic nanoparticles have been explored extensively for dye-sensitized solar cells (DSSC) (Lin et al., 2012) and a nanoparticle-size dependent study similar study to ours but for DSSC has been published in Deepa et al. (2012) . Though most of the publications in this field have presented data for back-scattering by implementing the nanoparticles in the back side of the solar cells, a recent study showed insightful results of placing Ag nanoparticles on the top surface of solar cells (Lenzmann et al., 2013 plasmons, either localized as for metal nanoparticles or propagating in case of planar metal surfaces. By controlling the size and shape of the metallic nanostructures, the surface plasmon resonance or plasmon propagating properties can be varied. Since the surface resonances of metals are mostly in the visible or in the infrared region of the electromagnetic spectrum, they are of particular interest for photovoltaic application (Bohren and Huffman, 2008) . Two prominent mechanisms can explain the contribution of metallic nanoparticles based on application: scattering mechanism and the near-field localization effect (Temple et al., 2009) . Photocurrent enhancement by metal nanoparticles on the top surface of solar cells can be explained by the light scattering mechanism. Metal nanoparticles are strong scatterers of light at wavelengths near their resonant frequency (Lenzmann et al., 2013) .
Structure and fabrication process: spin-coating gold nanoparticles
Typically nanoparticles are placed on the bottom of the solar cell to enhance back scattering as well as back reflection. In this work, the effect of gold nanoparticles size placed on the top surface of thin film a-Si:H solar cells is studied.
In order to study the effect of the gold nanoparticles, an a-Si:H solar cell is fabricated. Fig. 1 shows the structure of the fabricated a-Si:H solar cell. The solar cell stack is grown on a p+ type Si wafer and consists of 20 nm heavily doped p-type a-Si, 500 nm undoped a-Si, 20 nm heavily doped n-type a-Si and finally 80 nm Indium Tin Oxide (ITO) on the top. The p+ Si substrate serves as the back contact, and does not contribute significantly to the carrier generation. The n+, intrinsic and p+ layers of aSi:H were grown using Plasma Enhanced Chemical Vapor Deposition (PECVD) tool in a single run on the P + Si substrate. Then 80 nm of ITO was sputtered on the top layer using RF sputtering tool (http://www.mvsystemsinc.com/researchand-development-services, 2013). More details of the solar cell fabrication process flow can be found in Hadi et al. (2011 Hadi et al. ( , 2012 , Alnuaimi et al. (2013) . The gold nanoparticles were spin-coated on top of the ITO.
There are various ways to deposit the nanoparticles as mentioned earlier including island forming by annealing, drop-casting, dip coating and spin coating. In this work, colloidal gold nanoparticles dispersed in Phosphate Buffered Saline (PBS) solution were used (http://www.sigmaaldrich.com/materials-science/nanomaterials/gold-nanoparticles, 2013). In order to study the effect of the gold nanoparticles size, seven different diameter-size i.e., 10 nm, 20 nm, 50 nm, 80 nm, 100 nm, 200 nm and 400 nm particle sizes were investigated. The spin coating recipe was optimized to obtain uniform distribution as well as optimum concentration of particles on the surface. Several spin-coating recipes are investigated and the most optimized spin-coating recipe is found to be 2000 rpm speed, 1000 rpm acceleration and spinning for 60 s. Fig. 2 is an SEM image of the top surface showing the gold nanoparticles on the ITO. The surface coverage by the nanoparticles is approximately calculated from the SEM images and is found to be 0.07854% for the 100 nm nanoparticles with a variance of 0.016% based on different locations of the cell surface. We assume the surface coverage percentage remains in close vicinity for different nanoparticle sizes since number of nanoparticles per unit volume of the solution decreases with increasing nanoparticle sizes, as mentioned in the supplier's data sheet. For example, there are 5.98 Â 10 12 nanoparticles/ml of solution for 10 nm Au particles whereas the number of nanoparticles for 100 nm Au particles is 3.84 Â 10 9 per ml of the PBS solution (http://www.sigmaaldrich.com/materials-science/ nanomaterials/gold-nanoparticles, 2013). In all cases, we used about 5 ml of solution containing nanoparticles for spinning and the percentage of the surface covered by different sizes of nanoparticles in each cases is assumed to be in a close range, though further study is required to confirm this. After the nanoparticles coating, 100 nm of silver was deposited using Thermal Physical Vapor Deposition (PVD) tools and lift-off technique was used to form the finger contacts. Three different cell area-sizes were fabricated i.e. 1 cm Â 1 cm, 0.5 cm Â 0.5 cm and 0.25 cm Â 0.25 cm. Unless otherwise stated, solar cells of size 0.25 cm Â 0.25 cm are presented in this work.
Experimental results and analysis
This section presents the mean values for all experimental data. Fig. 3 shows the J-V curve for the reference cell without nanoparticles and cells with 10 nm and 400 nm nanoparticles. The V oc remains 0.89 V and does not change significantly with nanoparticles while the J sc improves with larger nanoparticles size. Fig. 4 plots J sc vs. nanoparticles size. The J sc increases from 9.34 to 10.1 mA/cm 2 . Fig. 5 plots the median reflectance across all wavelengths vs. nanoparticles size. The median reflectance drops from 23.19% with no nanoparticles to less than 20% for all nanoparticles sizes. The drop shows the improved surface scattering due to the gold nanoparticles. The efficiency increases with increasing nanoparticles size due to the increase in the J sc , from 4.28% to 5.1%. The fill factor (FF) increases from 51% for the reference cell up to 56% for the gold nanoparticles based cells of all sizes. It should be noted that the FF is independent of particle size but does tend to increase slightly with increasing size. This may be due to a reduction in contact resistance with the addition of metal nanoparticles, but further studies are to be done to confirm this.
The External Quantum Efficiency (EQE) of the fabricated devices shows an improved spectral response with increasing nanoparticles size. The peak EQE is 59% for the cell with 400 nm nanoparticles while the reference cell has 53% peak EQE as shown in Fig. 6 . Table 1 summarizes the main findings of this work with statistical analysis, listing the J sc and efficiency of the solar cells with respect to the gold nanoparticles size. The J sc increases by 8.46% with the introduction of nanoparticles for the best case and the efficiency improves by 17.06% with nanoparticles for the best case as well. Both the J sc and efficiency tend to improve with larger nanoparticles sizes. 
Physics of plasmonic enhancement
In order to understand the physics of the effect of gold nanoparticles size a mathematical model is used. A point dipole model can describe the absorption and scattering of the incoming light by the nanoparticles for particles with diameters well below the wavelength the incoming light. The scattering and absorption cross-sections are given by the following equations (Lenzmann et al., 2013) :
where
is the polarizability of the particle. Here V is the particle volume, e p is the dielectric function of the particle and e m is the dielectric function of the embedding medium. From (3), its quite obvious that at e p = À2e m the particle polarizability will become very large and surface plasmon resonance occurs. At the surface plasmon resonance, the scattering crosssection exceeds the geometrical cross section of the nanoparticles e.g. silver nanoparticles in air has a scattering cross-section that is approximately ten times the crosssectional area of the particle at the resonant frequency Table 1 Summary of results.
Median R (%) (400-1100 nm) (Soller and Hall, 2002) . In such a case, a substrate covered with a 10% areal density of nanoparticles can fully absorb and scatter the incoming light, to first-order (Soller and Hall, 2002; Catchpole and Pillai, 2006) . For light trapping it is important that scattering is more efficient than absorption, a condition that is met for comparatively larger nanoparticles as can be seen from (1) and (2) Catchpole and Polman, 2008 . Nanoparticles size, shape and distribution over the surface will determine the effect of the nanoparticles on the performance of the photovoltaic device as a whole (Kelly et al., 2003) . In addition, the reflection from device surface in the presence of the Au nanoparticles is calculated by 2-dimensional finite difference time-domain (FDTD) method using FDTD Solutions from Lumerical Inc. For computational simplicity, monosized and spherical particles are used which are assumed to be electrically and optically isolated. A mesh size of 2 nm is used in all simulations and the illumination is from the top. Fig. 7 shows the results of computed reflection as a function of nanoparticle size which shows a similar trend to measured reflection vs. nanoparticle size. The reflection units are arbitrary as the surface coverage of metal nanoparticles is not taken into account. The computed electric field intensity profile, for a nanoparticle size of 200 nm, illuminated with 800 nm wavelength light, is shown in Fig. 8 and exhibits a clear dipole characteristics. Fig. 9 , on the other hand, shows that for a nanoparticle size of 400 nm additional plasmonic modes emerges surrounding the nanoparticle. This is attributed to the fact that the quastatic electric field assumption is weakened as the nanoparticle size becomes comparable to the wavelength of light.
Conclusions
In summary, the effect of gold nanoparticles size on the light scattering for a-Si:H thin film solar cells was studied. The larger the nanoparticles are more light scattering is achieved. The results show an increase in J sc , efficiency and spectral response with the gold nanoparticles. Moreover, the results highlight a promising and simple enhancement for future thin film solar cells using nanoparticles. 
